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Two experiments investigated modulatory effects of a surround upon the perceived speed of a moving
central region. Both the surround’s depth and velocity (relative to the center) were manipulated. The abil-
ities of younger observers (mean age was 23.1 years) were evaluated in Experiment 1, while Experiment
2 was devoted to older participants (mean age was 71.3 years). The results of Experiment 1 revealed that
changes in the perceived depth of a surround (in this case caused by changes in binocular disparity) sig-
niﬁcantly inﬂuence the perceived speed of a central target. In particular, the center’s motion was per-
ceived as fastest when the surround possessed uncrossed binocular disparity relative to the central
target. This effect, that targets that are closer than their background are perceived to be faster, only
occurred when the center and surround moved in the same directions (and did not occur when center
and surround moved in opposite directions). The results of Experiment 2 showed that the perceived
speeds of older adults are different: older observers generally perceive nearer targets as faster both when
center and surround move in the same direction and when they move in opposite directions. In addition,
the older observers’ judgments of speed were less precise. These age-related changes in the perception of
speed are broadly consistent with the results of recent neurophysiological investigations that ﬁnd age-
related changes in the functionality of cortical area MT.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Neurophysiological research conducted over the past 15 years
has demonstrated that cortical areas in the superior temporal sul-
cus, such as MT (middle temporal area) and MST (medial superior
temporal area) play an important role in the perception and dis-
crimination of speed in human and non-human primates. Both
Orban, Saunders, and Vandenbussche (1995) and Pasternak and
Merigan (1994) found that lesions of MT/MST in macaque monkeys
produced large deﬁcits in the monkeys’ behavioral ability to dis-
criminate the speed of moving patterns. Similar lesions in inferior
temporal cortex had no such effect (Orban et al., 1995). More re-
cently, Liu and Newsome (2005) found that they could alter the
perception of speed in a single monkey by applying electrical
‘‘microstimulation” to MT neurons. They concluded (p. 711) by
saying ‘‘evidence from these two experiments suggests that MT
neurons play a direct role in the perception of visual speed”. The
evidence in human observers is also compelling: for example,
transcranial magnetic stimulation (TMS) of MT has been shown
to (1) disrupt speed discrimination, and (2) produce an apparent
slowing of perceived speed (Matthews, Luber, Qian, & Lisanby,ll rights reserved.
f Psychology, 1906 College
, Bowling Green, KY 42101-
an).2001; McKeefry, Burton, Vakrou, Barrett, & Morland, 2008). It
seems clear that while MT may have additional functions (Born &
Bradley, 2005; Whitney et al., 2007), it is a signiﬁcant determinant
of perceived speed (also see Nover, Anderson, & DeAngelis, 2005;
Priebe & Lisberger, 2004).
The receptive ﬁelds of many MT neurons have a center/sur-
round organization, where the center and surround are antagonistic
(Allman, Miezin, & McGuinness, 1985; Born, 2000; Born & Tootell,
1992; Raiguel, Van Hulle, Xiao, Marcar, & Orban, 1995; Tanaka
et al., 1986). The responses of these neurons are typically inhibited
when the surround moves in the same direction as the center, and
there is either facilitation or less inhibition when the center and
surround move in opposite directions. A similar center/surround
antagonism also occurs with respect to binocular disparity. Bradley
and Andersen (1998; also see Born & Bradley, 2005) found that
most of the MT neurons that have modulatory surrounds in their
receptive ﬁelds are also affected by binocular disparity. Of these
disparity-sensitive MT neurons, most were inhibited when the
center and surround were located at the same depth, but became
less inhibited or facilitated when the center and surround occupied
different depths (e.g., see their Figs. 4 and 10).
Previous psychophysical research has demonstrated that the
presence of a surround signiﬁcantly affects the perceived speed
of a moving stimulus (e.g., Brown, 1931; Gogel & McNulty, 1983;
Norman, Norman, Todd, & Lindsey, 1996; Tynan & Sekuler, 1975).
This distortion in perceived speed occurs for both stationary
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(Norman et al., 1996; Tynan & Sekuler, 1975). Given that MT neu-
rons (which are involved in determining perceived speed) possess
receptive ﬁelds with modulatory antagonistic surrounds and that
these surrounds are sensitive to binocular disparity, will the
depth/disparity of a surrounding contextual pattern also modulate
the perception of a central target’s speed? The purpose of Experi-
ment 1 was to answer this question.2. Experiment 1
2.1. Method
2.1.1. Apparatus
The dynamic stereograms were created by a dual-processor
Apple PowerMacintosh G4 computer, and were displayed on a
22-inch Mitsubishi Diamond Plus 200 color monitor. The resolu-
tion of the monitor was 1280  1024 pixels. The viewing distance
from the observers to the monitor was 50 cm. The room was dimly
illuminated by a single 25-watt incandescent light bulb. The ste-
reoscopic displays were presented as anaglyphs (cf. Frisby, 1980;
Woodworth & Schlosberg, 1954, p. 468).
2.1.2. Stimulus displays
The standard and comparison stimuli were deﬁned by the mo-
tions of bright high-contrast points that were placed against a
black background (the density was 3.9 points/deg2 visual angle).
The diameter of the comparison stimulus and the central area of
the standard stimulus subtended 4 (the same central area size
used by Bradley & Andersen, 1998, in their investigation of MT).
The 4 central area of the standard stimulus was surrounded by
an annular region of points, whose outer diameter subtended 25
(among others, Raiguel et al., 1995, have shown that MT neurons
have modulatory surrounds that are many times the size of the
classical receptive ﬁeld, see their Fig. 17A). A small 1 gap sepa-
rated the central area from the annular surround. On any given
trial, the surround of the standard stimulus possessed one of ﬁve
velocities (40% faster than the center in the opposite direction,
20% faster than the center in the opposite direction, same speed
and direction as the center, 20% faster than the center in the same
direction, and 40% faster than the center in the same direction) and
one of three possible image disparities with respect to the center
(0.4, 0, and 0.4 cm; the negative image disparities in the stereo-
grams indicate crossed disparity, while the positive image dispar-
ities indicate uncrossed disparity, see Cormack & Fox, 1985). For
an observer with an average inter-pupillary distance of 6.1 cm
(the average value of our observers), these image disparities
(0.4 and +0.4 cm) correspond to binocular disparities of
27.4 min arc relative to the plane of ﬁxation. To reduce the possi-
bility of signiﬁcant adaptation, the direction of the center’s motion
(and thus the surround as well) was randomly varied across trials
between upward, downward, leftward, and rightward.
2.1.3. Procedure
On any given trial, an observer was required to estimate the
speed of the central moving area of the standard stimulus and then
adjust the speed of the comparison stimulus until it was equiva-
lent. The observers adjusted the speed of the comparison stimulus
by using the up and down arrow keys on the computer keyboard.
The observers were instructed to constantly attend to the central
moving area, and to ignore the surround of the standard stimulus
(it is important to note that the characteristics of the surround
are irrelevant to the task the observers were asked to perform).
The standard and comparison stimuli were presented successively.
The observers could switch back and forth and view the standardand comparison stimuli as much as they wanted, until they were
satisﬁed with their matching adjustment.
There were a total of 45 experimental conditions, formed by the
orthogonal combination of three speeds of the central area of the
standard stimulus (3, 6, and 9 deg/s), three surround disparities
of the standard stimulus (uncrossed, zero, and crossed disparity
with respect to the center; the center of the standard stimulus
was always held at the plane of ﬁxation), and ﬁve surround veloc-
ities of the standard stimulus (as previously described). Each ob-
server made four speed-matching adjustments for each of these
45 experimental conditions. In addition, the observers made four
similar judgments for a single condition (6 deg/s standard speed)
in which the standard stimulus did not possess a surround (we
wanted to determine if the observers could accurately judge speed
in the absence of a modulatory surround). In total, the observers
made 184 speed judgments (46 total experimental condi-
tions  four repetitions/condition). The observers’ judgments were
spread across 3 days, with each day’s session devoted to a different
standard stimulus speed (i.e., either 3, 6, or 9 deg/s). Each observer
followed a different, randomly-determined order of standard speed
conditions. The middle standard speed used in our experiment
(6 deg/s) was identical to that used by Bradley and Andersen
(1998) in their study of MT.2.1.4. Observers
Seven younger adults (mean age was 23.1 years, SD = 1.5, ages
ranged from 22 to 26 years) participated in the experiment. All of
the observers possessed normal or corrected-to-normal visual acu-
ity. In addition, all were able to perceive and spontaneously de-
scribe the shape of 3-dimensional curved surfaces depicted by
random-dot stereograms (i.e., they were able to describe and dis-
criminate between the surface shapes used in Experiment 1 of Nor-
man, Clayton, Shular, & Thompson, 2004). All of the observers,
therefore, possessed functional stereoscopic vision. One of the
observers was a coauthor (LAB); all of the remaining observers
were naïve with regards to the purposes of the experiment, and
were unaware of how the experimental stimuli had been gener-
ated, etc.3. Results and discussion
When the observers judged the speed of the standard stimulus
that had no moving surround, their judgments were quite accurate.
For example, for a standard speed of 6 deg/s, the observers’ per-
ceived speeds averaged 5.976 deg/s (this value was not signiﬁ-
cantly different from the actual speed, t(6) = 0.26, p = .81, 2-
tailed). The observers’ results for the conditions where the central
target was surrounded by an annular region of disparate moving
points are shown in Figs. 1–5; these plots illustrate a considerable
amount of perceptual distortion. Figs. 1–4 plot the observers’ per-
ceived central target speeds (relative to the actual center speed of
the standard stimulus) for the 15 combinations of surround dispar-
ity and surround velocity. Fig. 1 plots the results after collapsing
across the three different standard speeds, while Figs. 2–4 plot re-
sults for the 3, 6, and 9 deg/s standard speeds, respectively. Two ef-
fects are readily apparent in the overall results shown in Fig. 1.
First, there is an effect of relative motion: the perceived speeds
when the surround moved in the opposite direction (relative to
the center) were 11.6% higher than those obtained when the sur-
round moved in the same direction. This ﬁnding, that increased
amounts of relative motion between a target and its immediate
background leads to greater perceived target speeds, is similar to
the results of past research (e.g., Loomis & Nakayama, 1973; Tynan
& Sekuler, 1975; Walker & Powell, 1974). This main effect of sur-
round velocity (i.e., same vs. opposite directions of motion) was
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Fig. 1. Results of Experiment 1, collapsed across the three different standard
speeds. The observers’ perceived central target speeds (relative to the actual
speeds) are plotted as functions of surround velocity (speed and direction) and
surround disparity (surround possessed either uncrossed disparity, crossed dispar-
ity, or was located at the same depth plane as the central target). Accurate
performance is indicated by the horizontal line (i.e., where the ordinate equals 1.0).
The error bars indicate ± one standard error.
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Fig. 2. Results of Experiment 1 for a standard speed of 3 deg/s. The observers’
perceived central target speeds (relative to the actual speed) are plotted as
functions of surround velocity and surround disparity. Accurate performance is
indicated by the horizontal line. The error bars indicate ± one standard error.
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Fig. 3. Results of Experiment 1 for a standard speed of 6 deg/s. The observers’
perceived central target speeds (relative to the actual speed) are plotted as
functions of surround velocity and surround disparity. Accurate performance is
indicated by the horizontal line. The error bars indicate ± one standard error.
0.9
1.0
1.1
1.2
Pe
rc
ei
ve
d 
Ta
rg
et
 S
pe
ed
/A
ct
ua
l S
pe
ed
+40% +40%+20% +20%0
Opposite Same
Surround Velocity (relative to center)
same
uncrossed surround disparity
crossed surround disparity
Fig. 4. Results of Experiment 1 for a standard speed of 9 deg/s. The observers’
perceived central target speeds (relative to the actual speed) are plotted as
functions of surround velocity and surround disparity. Accurate performance is
indicated by the horizontal line. The error bars indicate ± one standard error.
J.F. Norman et al. / Vision Research 50 (2010) 65–71 67signiﬁcant (F(4, 24) = 25.9, p < .0001; g2 = .81). The second notable
result concerns the effect of surround depth/disparity. There was a
signiﬁcant main effect of surround disparity, such that theperceived target speeds were fastest when the surround was
presented with uncrossed disparity (i.e., when the central target
was located in front of the surround in depth, F(2, 12) = 10.7,
p = .002, g2 = .64). It is important to note, however, that this effect
of surround disparity only occurred when the center and surround
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Fig. 5. Results of Experiment 1. The observers’ perceived central target speeds
(relative to the actual speeds) are plotted as a function of the standard speed. The
means that are plotted were obtained by collapsing across the variations in
surround velocity and surround disparity. Accurate performance is indicated by the
horizontal line. The error bars indicate ± one standard error.
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ity  surround velocity interaction, F(8, 48) = 2.8, p = .01, g2 = .32).
Fig. 1 illustrates another interesting ﬁnding. Remember that the
observers’ judgments of speed were accurate in the absence of a
modulatory surround. It is evident in the results shown in Fig. 1,
however, that the observers’ perceived speeds were often signiﬁ-
cantly slower than the actual target speed (i.e., many of the data
points for the same direction of motion are located signiﬁcantly be-
low the horizontal line, which signiﬁes accurate performance).
Simply adding a surround that moves in the same direction of mo-
tion as the target causes a signiﬁcant amount of perceptual slow-
ing. This phenomenal slowing has also been observed in previous
studies. Consider the results of Tynan and Sekuler (1975, see their
Fig. 1). When the points in the center of their stimuli moved to the
right, their observers’ perceived central target speeds were maxi-
mal for stationary surrounds. When the surrounding visual pattern
also moved to the right (in the same direction as the center), it
caused the target’s motion to appear signiﬁcantly slower. This per-
ceptual slowing occurred when the speed of the surround was the
same as that of the center, and it also occurred when the sur-
round’s speed was either twice that of the center or half that of
the center.
Fig. 5 illustrates the signiﬁcant effect of standard speed
(F(2, 12) = 28.5, p < .0001; g2 = .83). This main effect is also evident
when comparing the results depicted in Figs. 2–4. The observers’
perceptions of the central target speed were most accurate at the
fastest standard speed (9 deg/s) and became more and more dis-
torted as the standard speed was reduced (to 6 and 3 deg/s). A sim-
ilar result (larger distortions at lower standard speeds) was also
obtained by Norman et al. (1996). Brandalise and Gottsdanker
(1959) asked their observers to adjust the speed of one moving
stimulus to match the speed of another for a variety of standard
speeds (there was no surrounding motion, however, in their exper-
iment). Their observers’ constant errors were smallest for a stan-
dard speed of 8.1 deg/s and became larger and larger when the
standard speed was reduced to 5.4 and 2.7 deg/s. Despite the fact
that this phenomenon has now been observed in several separate
investigations, the cause of this effect is currently unknown. The
constant errors reported by Brandalise and Gottsdanker were low-
est for a standard speed of 8.1 deg/s, and rose when the standardspeed was either increased (to 16.2 or 24.3 deg/s) or decreased
(to 5.4 or 2.7 deg/s). According to their results, human observers’
judgments of speed are most accurate at moderate speeds of 8–
9 deg/s – our current results are consistent with the ﬁndings of
Brandalise and Gottsdanker.
The observers’ repeated judgments for single conditions were
precise – overall, the standard deviation of the repeated judgments
was 7.8% of the mean, and this level of precision was unaffected by
any of the experimental manipulations. For example, there was no
effect of the standard speed (F(2, 12) = 1.9, p = .19), no effect of the
surround disparity (F(2, 12) = 0.2, p = .83), and no effect of the sur-
round velocity (F(4, 24) = 1.0, p = .41). In addition, none of the
interactions were signiﬁcant. It is clear that the precision of the
observers’ judgments of speed did not vary across the various
experimental manipulations of standard speed and surround char-
acteristics. This result, at least with regards to standard speed,
agrees with the ﬁndings of past research. McKee (1981) found that
her observers’ speed discrimination thresholds were invariant
across a set of standard speeds that ranged from 2 to 10.8 deg/s
(e.g., see her Fig. 2).
4. Experiment 2
The results of Experiment 1 revealed that differences in depth
between a central target and its surround signiﬁcantly affect the
perceived speed of the center. In particular, when the center is in
front of the surround (i.e., when the center is located at the plane
of ﬁxation and the surround has uncrossed disparity), the center is
perceived to be moving faster than for other center/surround depth
conﬁgurations. This augmentation of perceived speed only oc-
curred, however, when the center and surround moved in the same
direction of motion.
The purpose of Experiment 2 was to evaluate whether the same
pattern of results that was obtained in Experiment 1 for younger
observers would also exist for older observers. Past research (e.g.,
Norman, Ross, Hawkes, & Long, 2003; Raghuram, Lakshminaraya-
nan, & Khanna, 2005; Snowden & Kavanagh, 2006) has consistently
found that older observers have difﬁculty in discriminating differ-
ences in speed. In fact, older observers possess deﬁcits in performing
awide variety of tasks involvingmotion (Andersen & Atchley, 1995;
Atchley & Andersen, 1998; Ball & Sekuler, 1986; Billino, Bremmer, &
Gegenfurtner, 2008; Buckingham, Whitaker, & Banford, 1987; Gil-
more, Wenk, Naylor, & Stuve, 1992; Habak & Faubert, 2000; Jiang,
Luo, & Parasuraman, 2002; Norman, Bartholomew, & Burton, 2008;
Norman, Dawson, & Butler, 2000; Norman, Payton, Long, & Hawkes,
2004;Norman,Claytonet al., 2004; Trick&Silverman, 1991). In addi-
tion, age-related changes in stereopsis do exist, although the nature
of these changes depend upon the particular stimulus that is used
and the particular stereoscopic task that the observers are asked to
perform (e.g., Haegerstrom-Portnoy, Schneck, & Brabyn, 1999;
Laframboise, De Guise, & Faubert, 2006; Norman et al., 2000, 2006;
Norman, Norman et al., 2008). As an example of one type of age-re-
lated change, Norman et al. (2000) found that for any given amount
of binocular disparity, older observers perceived only about 80% of
the depth that a younger observer would perceive. Since identical
disparities do not give rise to identical perceived depths for younger
and older observers, perhaps surrounds with identical disparities
might have different modulatory effects for the younger and older
observers in the present study. There is another reason to expect dif-
ferent modulatory effects of the surround for the older observers in
the current investigation. Betts, Taylor, Sekuler, and Bennett (2005)
recently found that older observers exhibited reduced center–sur-
round antagonism for a task involving the perception of motion
direction. If a similar effect exists for the perception of speed, then
the augmentation of perceived speed caused by manipulating the
surround in Experiment 1 may not occur for older observers.
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Fig. 6. Results of Experiment 2 (standard speed was 6 deg/s). The older observers’
perceived central target speeds (relative to the actual speed) are plotted as
functions of surround velocity and surround disparity. Accurate performance is
indicated by the horizontal line. The error bars indicate ± one standard error.
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4.1.1. Apparatus
The apparatus was the same as that used in Experiment 1.
4.1.2. Stimulus displays
The stimulus displays were identical to those used in Experi-
ment 1, with one exception. In this experiment, only a single stan-
dard center speed was used (6 deg/s).
4.1.3. Procedure
Fifteen of the experimental conditions were formed by the
orthogonal combination of three surround disparities (same as
those used in Experiment 1) and ﬁve surround velocities (also
the same as those used in Experiment 1). Once again, the observers
made four repeated judgments for each of these 15 conditions, plus
an additional four judgments for a standard stimulus without a
modulatory surround. All other aspects of the procedures were
identical to those used in Experiment 1.
4.1.4. Observers
Seven older observers participated in the experiment (mean
age was 71.3 years, SD = 5.2; the range of their ages was 63–
79 years). None of the observers reported possessing eye or retinal
problems, such as macular degeneration, glaucoma, or cataracts.
All of the observers possessed normal or corrected-to-normal vi-
sual acuity. Like the younger observers who participated in Exper-
iment 1, all of the older observers possessed functional
stereoscopic vision and were able to perceive and spontaneously
describe the shape of 3-dimensional curved surfaces depicted by
random-dot stereograms. All were naïve with regard to the pur-
poses of the experiment, and were unaware of how the experimen-
tal stimuli had been generated, etc.5. Results and discussion
The older observers’ speed judgments were accurate when there
was no modulatory surround (the mean perceived speed was
6.05 deg/s, which was not signiﬁcantly different from the actual
speed, t(6) = 0.51, p = .63, 2-tailed). The results for the conditions
with a disparate moving surround are shown in Fig. 6. As in Experi-
ment 1, themain effects of surround velocity and surround disparity
were signiﬁcant (surround velocity: F(4, 24) = 24.7, p < .0001,
g2 = .80; surround disparity: F(2, 12) = 15.3, p < .001; g2 = .72). The
perceived target speeds were highest when the surround moved in
a direction opposite to that of the center and were reduced when
the center and surround moved in the same direction, demonstrat-
ing that the observers’ judgments were affected by the amount of
relative motion between center and surround. In addition, the per-
ceived target speeds were generally higher when the surround pos-
sessed uncrossed disparity (i.e., when the target appeared closer in
depth than the surround). Unlike the results of Experiment 1, how-
ever, there was no surround disparity  surround velocity interac-
tion (F(8, 48) = 0.6, p = .74). There was a relatively large and
consistent difference in the perceived target speeds between the
crossed and uncrossed surround conditions, and this difference
was independent of surround velocity. On average, the perceived
target speeds when the surround possessed uncrossed disparity
were 8.7% faster (i.e., 1.087 times as fast) than those that occurred
when the surround possessed crossed disparity. The perceived tar-
get speeds for the conditions where the center and surround were
located at the same depth were generally intermediate.
Subsequent analyses were conducted to compare the current
results (older observers) with those of Experiment 1 (younger
observers) for analogous conditions (standard speed of 6 deg/s).In a 3-way analysis of variance (1 between-subjects factor: age,
and two within-subjects factors: surround velocity [ﬁve levels]
and surround disparity [three levels]), the overall age  surround
disparity interaction was not signiﬁcant (F(2, 24) = 2.68, p = .09).
However, this result may be misleading, because this interaction
glosses over the important distinction of same vs. opposite direc-
tions of motion. Remember that in Experiment 1 (e.g., see Fig. 1)
the effect of surround disparity signiﬁcantly depended upon the
relative directions of center and surround motion (same vs. oppo-
site). When separate analyses of variance were performed for same
and opposite directions of motion, a signiﬁcant age  surround dis-
parity interaction was obtained when the center and surround
moved in opposite directions (F(2, 24) = 3.92, p = .03, g2 = .25),
but not when the center and surround moved in the same direction
(F(2, 24) = 1.22, p = .31). The signiﬁcant age  surround disparity
interaction obtained for the opposite directions of motion is illus-
trated in the left panel of Fig. 7. The younger and older observers’
results for the same directions of motion are shown in the right pa-
nel of Fig. 7. It is readily apparent from an inspection of Fig. 7 that
while the results of the younger and older observers are very sim-
ilar for the same directions of motion, that their results are quite
different for the conditions employing opposite directions of mo-
tion. For these conditions, as the depth of the surround changes
from being in front of the target to being behind the target, the per-
ceived speed of the target increases in a linear fashion for the older
observers. This linear increase does not occur for the younger
observers; in fact, under these conditions (opposite directions of
motion), their judgments of target speed are completely unaffected
by the variations in depth/disparity of the surround.
In comparison to those of the younger observers, the older
observers’ speed judgments were less precise. The standard
deviation of the older observers’ repeated judgments was 11.95%
of the mean, which was substantially higher (F(1, 12) = 10.7,
p < .01; g2 = .47) than that obtained for the younger observers
(11.95 vs. 7.8% of the mean for the older and younger observers,
respectively). Because the standard deviation of repeated matching
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Fig. 7. Comparison of the results of Experiments 1 (younger observers) and 2 (older observers) for a standard speed of 6 deg/s. The observers’ perceived central target speeds
(relative to the actual speed) are plotted as a function of surround disparity for opposite directions of center and surroundmotion (left panel) and for same directions of center
and surround motion (right panel). Negative surround disparities (crossed disparity) indicate that the surround was closer to the observer in depth than the central target
(target was behind), while positive surround disparities (uncrossed disparity) indicate that the surround was farther from the observer in depth than the central target (target
was in front). The error bars indicate ± one standard error.
70 J.F. Norman et al. / Vision Research 50 (2010) 65–71adjustments is related to the difference threshold (Fechner, 1860/
1966, pp. 60–61; also see Woodworth & Schlosberg, 1954, p. 199),
our current ﬁnding (that older observers possess higher speed dis-
crimination thresholds than younger observers) replicates the re-
sults of studies that previously investigated aging and speed
discrimination (Norman et al., 2003; Raghuram et al., 2005; Snow-
den & Kavanagh, 2006).6. General discussion
The results of Experiment 1 revealed that the depth/disparity of
a neighboring spatial region signiﬁcantly inﬂuences the perceived
speed of a moving central target. The perceived target speeds were
fastest when the surround was located behind a target in depth
and were slower for other center/surround depth conﬁgurations.
It is an interesting exercise to speculate about possible reasons
for this visual phenomenon (perceived speed is faster when targets
appear in front of a background). In a natural, dynamic environ-
ment, this phenomenon may give an observer an evolutionary
advantage by making near moving targets more salient than they
would otherwise be (by augmenting their perceived speed). Near
moving targets could represent either a threat or a potential source
of food – in either case, any factor that increases the chance of suc-
cessfully detecting the target, or drawing attention to it, would be
desirable. For the younger observers in Experiment 1, this percep-
tual ‘‘augmentation” (nearer targets appear faster) only occurred
when the center and surround moved in the same directions of
motion (e.g., see Fig. 1). A similar type of behavior also occurs in
a subpopulation of neurons within macaque monkey cortical area
MT. In Fig. 4D, Bradley and Andersen (1998) illustrate the behavior
of ‘‘cells with interacting direction and disparity effects”. Consider
the example neuron whose responses are plotted in their Fig. 4D.
Its activity (measured in terms of action potentials/s) is greatly af-
fected by variations in binocular disparity in the modulatory part
of its receptive ﬁeld, but only when the center and surround move
in the same direction of motion. When the center and surround
move in opposite directions, the effect of disparity changes in the
surround is greatly attenuated. The results of our younger observ-
ers show this same pattern of behavior – there were large effects ofbinocular disparity variations in the surround, but they only
occurred for the same directions of motion (and did not occur for
opposite directions of motion).
The results of Experiment 2 demonstrated that older observers’
perceptions of speed are different from those of younger observers.
It is clear from a comparison of analogous conditions (see left panel
of Fig. 7) that the observed pattern of perceived speedswas different
for the younger and older observers when the center and surround
moved in opposite directions ofmotion. Since cortical areaMT plays
an important role in the perception of speed (Liu & Newsome, 2005;
Matthews et al., 2001;McKeefry et al., 2008; Orban et al., 1995; Pas-
ternak&Merigan, 1994), onemight think that the age-relateddiffer-
ences found in the current study could be due to alterations in MT
activity. This possibility is reinforced by the recent ﬁnding of age-re-
lated deteriorations in the functionality of MT neurons in macaque
monkeys (Liang et al., in press; Yang et al., 2008; Yang, Liang, Li,
Wang, & Zhou, 2009; Yang, Zhang, et al., 2009). These studies have
shown that MT neurons in older monkeys are less selective for both
stimulus speed and direction thanMT neurons in younger monkeys
(see Liang et al., in press; Yang, Zhang, et al., 2009). Liang et al. sug-
gest that ‘‘the functional degradation of MT and V1 cells may medi-
ate perceptual decline in visual motion tasks in old primates”.
Similar neurophysiological evidence reveals that there is age-re-
lated deterioration in the functionality of motion-sensitive areas of
the human brain as well (Jiang, Luo, & Parasuraman, 2009). Jiang
et al. studied motion priming using ERP (event-related potentials)
measures. They found (p. 179) that ‘‘age-related changes in strength
and temporal characteristics of neural responses were particularly
pronounced in the temporal-parietal network of older adults when
successive motion signals are placed closely in time within
400 ms”. The ultimate cause of the various observed age-related
reductions in functionality of cortical areaMTprobably involves loss
of (i.e., destruction of) the cerebral cortex itself. Although the entire
cerebral cortex thins with age (and is accompanied by increases in
the size of the lateral ventricles, see Raz et al., 2005; Resnick, Pham,
Kraut, Zonderman, & Davatzikos, 2003; Smith, Chebrolu, Wekstein,
Schmitt, & Markesbery, 2007; Walhovd et al., 2005), some areas,
including the superior parts of the temporal cortex, are especially af-
fected by increasing age (Fjell et al., 2009; also see Sullivan, Marsh,
Mathalon, Lim, & Pfefferbaum, 1995).
J.F. Norman et al. / Vision Research 50 (2010) 65–71 71In conclusion, we have shown that in normal, younger adults,
changes in the binocular disparity of a surround modulate the per-
ceived speed of a moving central target. Perceived target speeds
are highest when the surround is located behind a target in depth
and are slowest when the surround is placed in front of a central
target. In younger observers, this phenomenon occurs only for con-
ditions where the center and surround move in the same direction,
whereas the variation in perceived target speeds that accompanies
changes in surround disparity occurs for both same and opposite
directions of motion for older observers. This age-related change
in the perception of speed could plausibly be mediated by a dete-
rioration in the functioning of cortical area MT.
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